Abstract-This article examines a femtocell-based scheme as a prospective means to enhance the performance of current cellular systems. In the adopted framework, femtocells are tasked with connecting local devices to the network of a mobile operator without creating undue interference to cellular users. The access point of a femtocell only possesses limited information about its parent cellular infrastructure. For instance, it may not know individual channel gains, user locations or frequency allocations. A paradigm where local devices are employed as acquisition sensors in a distributed inference problem is considered. The added knowledge captured through the use of mobile devices combined with the agility of reconfigurable antenna systems lead to significant performance gains when compared to the operation that results from deploying oblivious femtocells. Experimental results are provided to support this study and its conclusions.
I. INTRODUCTION
The cellular paradigm whereby every device is assigned to a specific base station has enjoyed continued success in cellular communication. It remains the cornerstone of many contemporary mobile and wireless systems [1] . Still, this framework has evolved considerably over the years with many notable advances including sectorization, universal frequency reuse, soft handoff and antenna arrays. In a quest to further enhance spectral and spatial efficiency, the current cellular paradigm is being revisited once again.
Wireless environments and cellular networks present unique and difficult engineering challenges and, as such, they have been studied extensively [2] , [3] . Our constantly improving understanding of wireless communication has led to great strides towards ubiquitous Internet access. For instance, fading was once considered detrimental to the operation of a wireless link. However, it is now perceived as a key element to opportunistic scheduling and time water-filling [4] , [5] . Over a fluctuating channel, data is transmitted at an accelerated rate when the channel is favorable, whereas a device can remain idle when it is experiencing a deep fade. Under such policies, power is expended at the most suitable moments.
Interference management in coordinated networks is also undergoing a revolution. Emerging schemes related to multiuser environments include cooperation [6] , [7] , relaying [8] , interference alignment [9] , [10] and physical-layer network coding [11] , [12] . Many of the design challenges associated This material is based upon work supported, in part, by the National Science Foundation under Grant No. 0747363 and Grant No. 0830696. Any opinions, findings, and conclusions or recommendations expressed in this material are those of the authors and do not necessarily reflect the views of the National Science Foundation with cellular networks stem from the broadcast nature of the wireless medium and the ensuing interference that users create when transmitting in proximity of a same destination. In this context, channel attenuation and state estimates can be very beneficial because they provide a foundation for coordination and universal frequency reuse. In addition, the beam-steering capabilities of advanced phased arrays and high-performance reconfigurable antennas can be leveraged to create robust connections while minimizing undue interference [13] , [14] .
The recent evolution of cellular infrastructures has brought significant capacity gains in terms of coverage, data rates and maximum number of concurrent devices. These gains are only rivaled by a rapidly rising demand for Internet access, which is fueled, in part, by the popularity of smart phones and tablet personal computers. Indeed, this growing desire for mobile broadband access is straining network infrastructures everywhere. The adoption of low-cost femtocells is one possible technique envisioned to alleviate this tension on traditional cellular networks and, hence, help meet the projected traffic growth [15] . A femtocell is typically created by a tiny cellular access point, and it is specifically designed to link devices to the network of a mobile operator via landline broadband. The two appealing benefits of small cells are improved coverage and an increased capacity. Specifications for femtocells often require self-configuration and self-optimization. In addition, femtocells are supposed to act as non-obstructive, ancillary components of the cellular infrastructure.
This article studies the interplay between conventional cellular infrastructures and emerging femtocells. We adopt a two-pronged approach, focusing on the role of reconfigurable antennas and phased arrays at the cellular base station and, conjointly, using devices assigned to a femtocell to infer the presence of proximate cellular receivers [16] , [17] . Design guidelines are obtained from both theoretical models and experimental measurements. In our framework, we assume that femtocells produce negligible interference to one another. Furthermore, devices in a femtocell do not interfere with uplink cellular communications. This approximation follows from the fact that the distance between a femtocell user and its assigned access point is much smaller than the distance between a nearby cellular device and its base station. However, the opposite is not true; a transmitting femtocell access point can hinder a cellular downlink data transfer. This situation can happen whenever a cellular device is located close to the femtocell. As such, the access point of a femtocell should carefully select its transmission parameters as to not interfere with proximate cellular devices. This natural asymmetry has been noted in the past, and it can be leveraged to improve overall performance without penalizing cellular users.
The goal of this article is to present a local, adaptive scheme at the femtocell that permits the transmission of data from attached devices while limiting the disruption to nearby cellular users. As mentioned above, a key technology that can be employed to harness the spatiotemporal diversity of wireless environments is high-performance antenna systems that are engineered to intentionally alter the character of their performance-governing electromagnetic fields. They provide control over the directional and polarization attributes of their radiation patterns. This can be used to alter the connectivity profile of a network by controlling the directions of radiated beams.
II. SYSTEM MODEL We consider a two-tier network architecture composed of a traditional cellular infrastructure and a set of uncoordinated femtocells. We assume that the cellular base stations are equipped with adaptive antenna technologies, such as phased arrays or reconfigurable antennas, to serve their respective user population. These base stations have priority access over a portion of the spectrum and, as such, they can perform joint scheduling to maximize network utility. In contrast, the femtocells act as subordinate, opportunistic access points that seek to deliver best-effort traffic to their subscribers without creating undue interference to cellular devices.
Being equipped with agile directional antennas, a cellular base station can pinpoint the location of a user and illuminate the corresponding region with a tracking radiation pattern that has a narrow beam and a high gain. It is thus possible, in theory, to infer the location of a neighboring active user by sensing the power level of the signal destined to this specific device. Of course, mutlipath fading complicates this problem slightly because it prevents a sensor from obtaining an accurate reading of the signal power received by the nearby unit [18] , [3] , [19] . However, in the case of a femtocell, it is possible to circumvent this issue by using the time-honored strategy of averaging. Indeed, the set of devices attached to a femtocell can collectively perform the required inference tasks and thereby supply precise results [20] , [21] . In general, a narrower radiation beam from the base station leads to better discrimination capabilities and enhanced resolution in the location estimates.
The footprint of a femtocell is typically very small. We can therefore assume that the large-scale path attenuation of a sensed signal is approximately the same for every femtodevice. Multipath fading, on the other hand, will vary from one femto-device to another. Mathematically, let x(t) be the signal transmitted by the base station. If we assume that the bandwidth of this signal is much smaller than the reciprocal of the delay spread, then the signal will be subject to flat fading and can therefore be written as y(, t) = g()H()x(t) + w(t) where represents location, g() accounts for the mean path attenuation, H() is a random component that denotes smallscale variations due to fading, and w(t) is additive white Gaussian noise. When indicates a location in the vicinity of the femtocell, y(, t) is well-approximated by
where fc denotes the location of the femtocell access point. Let { i } be the locations of the various femtocell users. When these users are more than a carrier wavelength apart, we can assume that their fading coefficients {H( i )} are independent. In the limit where a large number of femtocell users are present, averaging leads tô
Thus, when x(t) is known, the channel gain at location fc can be estimated using the collection of devices attached to the femtocell,ĝ
In many scenarios, signal x(t) is partially known by the femto-users. For instance, if the technique is applied to a control segment or a training sequence, transmitted symbols are known a priori. In this case, the different observations can be added coherently. One can follow a similar strategy when symbols are unknown, although a different estimator must be utilized to obtain an estimate of the power gain in this latter case. Furthermore, when the number of users in a femtocell is finite, the same technique can be employed, albeit with lesser accuracy. We note that the information gathered by the femto-devices can be relayed to their common access point without difficulty because, under our system model, uplink interference to cellular users is negligible. From this information, the presence of a nearby user can be inferred with a certain accuracy. One component that remains uncertain in this discussion is the fading coefficient of the intended receiver H( r ) and, consequently, the signal power x(t) 2 . However, under most contemporary scheduling policies, this fading coefficient can be assumed to belong to a narrow interval bounded by the top quantile. This implicitly reduces the uncertainty on H( r ) and provides a possible range of values for x(t) 2 . Barring an improbable event, the presence of a nearby cellular user can be detected reasonably well.
III. DETECTION SCHEME Consider the famed Rayleigh fading model, which captures the effects of the propagation channel on the received signal in a heavily built-up urban environment. This model asserts that the magnitude of the received signal will vary randomly according to a Rayleigh distribution. Note that this fading distribution is normalized to have unit power. For the sake of simplicity and accounting for modeling error, we assume that a cellular user is scheduled only when its current fade level lies between the 80th and 95th percentiles. This implies that H( r ) ∈ (1.27, 1.73). For a given target power P (or SNR) at the destination, this leads to the following engineering guideline. Roughly speaking, in a cellular environment the transmit power at the base station will be such that the target power is met with equality,
Our previously derived bounds on H( r ) result in a constraint on the power of the transmit signal,
.
When a cellular user is located in close proximity of the femtocell, we get g( r ) ≈ g( fc ) and, necessarily,
Conversely, when ŷ( r ) 2 / ∈ S P , we gather that g( r ) must differ substantially from g( fc ) and, hence, the corresponding user is not located in proximity of the femtocell. When no cellular users are detected within the vicinity of the femtocell, then the access point can opportunistically seize the corresponding spectral bandwidth in order to serve its current subscribers.
Several factors will impact the overall performance of the opportunistic scheme described above. A partial list of these factors includes the beam-widths of the high-performance antenna arrays employed by the cellular base stations, as well as the power lost in side lobes; the number of femtocell devices that are able to contribute to the joint sensing activities; the rate at which scheduling takes place within the cellular infrastructure; user density within the cellular network; and the typical size of a femtocell. A systematic study of these elements is beyond the scope of this article. Still, it is important to stress that there exists a natural tradeoff between the probability of a false negative and the rate at which a femtocell access point can serve its users. In particular, the use of a guardband around S P will decrease the probability of undue interference to cellular users, while necessarily diminishing the femtocell access point's ability to transmit data.
An advantage of the proposed scheme, whereby femtocells opportunistically grab spectral bandwidth when no local users are detected, is that it requires little coordination between a mobile operator and its femtocells. For instance, the femtocells need not know schedules in advance and they need not have comprehensive channel state estimates for cellular users [22] . Each femtocell only relies on static information and the data provided by its own subscribers. Furthermore, when femtocells are deployed in areas of low cellular coverage, they become unlikely to hinder the operation of the cellular network. Figure 2 shows the probability of a false negative as a function of the number of devices in the femtocell. For illustrative purposes, the decision rule is simply taken to be
In this example, the noise components {w i (t)} are assumed to be independent Gaussian random variables. The power spectral density (including interference) is −160 dBm/Hz, which yields a noise variance of σ 2 = −102.68 dBm; the target power is P = −82 dBm. These parameters have been selected to mimic the operation of a typical cellular infrastructure.
IV. EXPERIMENTAL SETTING
Preliminary testing of the framework discussed in the previous sections was conducted using a Wi-Fi testbed and Android TM devices. The Wi-Fi base station was equipped with a custom two-state reconfigurable antenna that can switch its radiation pattern from broadside to endfire. The antenna in this example changes its spatial distribution of radiated power, but preserves its frequency response by maintaining a common impedance bandwidth.
A custom Android TM application was created specifically to collect observations. This application was downloaded onto a set of mobile devices that simulate, collectively, the role of the femtocell subscribers. On each device, the received signal strength (along with SSID) was obtained using the WifiManager class that is part of the Android TM software development kit (SDK). Similarly, locations of femto-like sensing devices was recorded using the LocationManager class. A location entry helps ensure that the sensing devices do not venture pass the boundary of the virtual femtocell; outliers are simply disregarded. The collected information was timestamped and stored locally on the devices using a Content Provider and the SQLite database. It was subsequently transferred to a MySQL database on an Internet server using a custom HttpClient interface.
It is important to point out that our implementation testbed does not allow instantaneous decisions. While it is true that the manipulation of radiation patterns can be automated through rapid control loops or triggered by events such as sudden signal degradation and changes in interference levels, our implementation relies on gathering observations and postprocessing data. Mathematically, it assesses how the system would have performed in discriminating between the two antenna states and thereby inferring the potential location of a cellular user. In this context, our system does not currently have the capability to take advantage of the available spectral bandwidth on the fly. The implementation of closedloop systems with the cognitive ability to adapt to changing environments and interference conditions in real-time is an ongoing effort.
The basic setup for this experimental portion is to have the sensor distinguish between two antenna states. The statistics associated with our empirical measurements are shown in Table I . The fact that the two empirical means are wellseparated hints at the ability of this system to distinguish between the two antenna states. We note also that, in both cases, the estimated standard deviations are lower than their corresponding empirical means. If the antenna state is an accurate predictor of the location of a user, then the femtocell devices would collectively be able to determine the presence of a nearby cellular user.
V. CONCLUSIONS
This preliminary study demonstrates that, when cellular base stations are equipped with advanced antenna arrays, subordinate femtocells may be able to detect the presence of nearby cellular users without requiring excessive side information from their mobile operators. This is encouraging as it offers supporting evidence to the fact that femtocells can increase the capacity of traditional cellular infrastructures in a scalable, uncoordinated manner. When femtocells are successful at detecting nearby cellular users, they can opportunistically take advantage of available spectral bandwidth without impairing the performance of the cellular system as seen by its traditional users. As a future endeavor, we plan to implement an enhanced testbed with the capacity to adapt to changing conditions in real-time.
